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EXECUTIVE SUMMARY

The economic incentives for low-cost electricity generation will continue to
drive more plant owners to identify safe and reliable methods for increasing the
electrical power output of the current fleet of nuclear power plants. Power uprate
enables a nuclear power plant to increase its electrical output with low cost.
Additionally, large power uprates require significant capital investments for plant
modifications. These investments also are required to extend the lifetime of the
aging nuclear power plant fleet. Therefore, power uprates can help the plant
owners recover the investment costs and incentivitize them to invest in long-term
operations. However, power uprates bring new challenges to plant owners and
operators. These challenges include safety margin loss, equipment damage, or
degraded performance and unanticipated responses to plant operating conditions.
These problems have arisen mainly from using dated design and safety analysis
tools, which resulted in insufficient understanding of the full implications of the
proposed power uprate. It is essential to demonstrate that all required safety
margins have been properly retained and the existing safety level has been
maintained or even increased, with consideration of all conditions and parameters
that have an influence on plant safety. Advanced analytical methodologies and
tools are required to remove the conservatism and to recover the margin loss to
accommodate power uprates. The research and development strategies presented
in this document focus on developing advanced analytical tools to support
additional power uprates.
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Light Water Reactor Sustainability Program
Power Uprate Research and Development Strategy

1. INTRODUCTION

The maximum power level that nuclear power plants are legally allowed to operate at is set by the
plant’s operating license and controlled through the plant’s technical specifications. Utilities are allowed
to increase their maximum power level through a process called a power uprate. It is critical that adequate
safety and operating margins are maintained at uprated plant conditions. A power uprate is achieved by
requesting a license amendment and providing proper justification and safety analysis to the Nuclear
Regulatory Commission (NRC). For a power uprate to be approved by NRC, a comprehensive safety
analysis, including environmental effects, must be performed. A number of physical plant modifications
may be required and implemented to allow operation at the increased levels of power and to ensure
operation within the constraints and framework of the power plant. The nuclear industry has been
pursuing power uprate projects since the 1970s as a valuable way to increase power output in order to
keep up with the steady increase in demand for power in the United States. Three types of power uprates
are defined by NRC (NRC 2011b):

e The first type of power uprate is called a measurement uncertainty recapture (MUR) power uprate,
MUR uprates are less than 2% and are achieved by implementing enhanced techniques for calculating
reactor power through the secondary heat balance. These power uprates typically involve installation
of more accurate feedwater flow instrumentation. More precise measurements reduce the degree of
uncertainty in the power level, which is used by analysts to predict the ability of the reactor to be
safely shutdown under postulated accident conditions.

¢ The second type of power uprate is called a stretch power uprate (SPU). SPUs are typically between
2 and 7%. SPUs usually involve changes to instrumentation setpoints, but do not typically involve
major plant modifications; rather they are achieved through improved fuel performance and improved
safety analysis to maintain operating margin.

¢ The final type of power uprate is called an extended power uprate (EPU). EPUs are typically greater
than 7% and have been approved as high as 20%. EPUs typically involve major plant modifications,
including replacement of steam generators, reactor coolant pumps, upgrading the main turbines,
upgrading the main generator, upgrading or replacing the main transformers, and other balance of
plant upgrades (including cooling towers and ultimate heat sink). Engineered safety systems (such as
emergency core cooling system and containment safeguard systems) also are upgraded.

As of July 2011, NRC has approved 139 power uprate applications (NRC 2011c¢). The total extra
power generated from power uprates is equivalent to that of building six new 1,000-MWe nuclear power
plants. The industry has achieved such remarkable performance through plant modifications and
application of best-estimate modeling and simulation methodologies to recover the conservatism in design
and safety analysis.

The majority of the approved power uprates is MUR or SPU. The SPU initially was the dominant
project type in the United States due to the ease of implementation and low cost. For most nuclear power
plants, original design analyses were performed at 105% of rated thermal power to provide added margin.
With this design margin came margin in the basic steam-cycle design; therefore, only instrumentation
setpoint changes are typically required with a SPU. As of July 2011, NRC has approved 65 SPUs. In the
late 1990s, state-of-the-art, ultrasonic feedwater flow measurement devices were developed and installed
at numerous nuclear power plants to provide a more accurate determination of reactor thermal power and,
consequently, enabled MURs. At the same time, fuel design evolutions were being introduced with
significant improvements in fuel performance, leading to the ability to core designs with higher fuel
enrichments and operate to higher exposures. This improvement in fuel capability opened the door for



vendors and utilities to explore EPU projects. The EPUs were most achieved in the direct-cycle boiling
water reactor (BWR) designs. As of July 2011, 22 EPUs have been approved. Among those, seven are for
pressurized water reactors (PWR) and fifteen are for BWRs, representing only 10% of the PWR fleet and
40% of the BWR fleet. Therefore, opportunities still exist to apply EPUs to the majority of the operating
light water reactors (LWRs), especially PWRs, to further enhance the value of the nuclear fleet asset.
Advanced technology has allowed production of new and better replacement components (such as better
shape and size of turbine blades, rotors, and casings). These new parts make the turbines more efficient.
In addition to producing more electricity, these component upgrades improve the reliability of the plants
and support plant lifetime extensions.

Plant modifications require in-depth safety analyses to evaluate the possible safety impact. The
analyses have to consider all consequences of the plant modifications with respect to the existing safety
margins. The analyses must consider the core characteristics and plant behavior, taking into account the
capability of the systems and the reactor protection system setpoints. One key issue in improving plant
operating performance is accurate determination of the available plant safety margin. Safety margins are
characterized as the difference, with a certain confidence level, between calculated parameter values
(such as peak clad temperature, maximum reactor coolant system pressure, and containment pressure
under accident conditions such as loss of coolant accident) and the associated licensing limit. Safety
margin determination includes considering the modeling and simulation tools and methodologies, the
prediction capability and uncertainty quantification, the licensing acceptance criteria, and the accuracy of
plant measurements. The safety analyses must demonstrate that the proposed new configuration remains
safe and safeguard measures continue to be in place to protect the health and safety of the public. NRC
reviews these complex analyses, which span many technical disciplines, before a request for a power
uprate is approved. Operation at power uprate conditions can increase the duty on major systems and
components, primarily due to higher steam flows, fluence, and temperatures experienced at the uprated
conditions. The increased duty may cause degraded performance or even component damage. For
example, flow-induced vibration and acoustic-induced vibration have been identified as key areas where
increased duty is expected following a power uprate. Several BWRs have experienced damage to their
steam dryers at EPU conditions. These problems have arisen mainly from inadequate analysis and
understanding of the full implications of the proposed power uprate due to the fact that industry still relies
on vintage design and safety analysis tools. It is essential to conduct a comprehensive review of plant
conditions prior to implementation of a power uprate to demonstrate that all required safety margins have
been properly retained and the existing safety level has been maintained or even increased, with
consideration of all conditions and parameters that have an influence on plant safety. Advanced testing
and analytical techniques also are needed to address the consequences of changes in operating conditions.

Uprating a nuclear power plant reduces the operating cost per unit energy generated and significantly
enhances the asset value to the plant owner. The economic incentives for low-cost electricity generation
will continue to drive more nuclear power plant owners to pursue uprating of their nuclear power plant(s).
Through implementation of additional upgrades to the physical structures, systems, and components and
new safety analysis improvements, existing nuclear power plants are theoretically able to sustain higher
power uprates than those already achieved. However, increasing the power level of a nuclear power plant
up to 20% (or potentially greater than 20%) of its approved rating will require higher power density core
designs and an enhanced scientific understanding of plant performance issues. For example, the integrity
of BWR steam dryers and PWR steam generators under the increased steam loads at higher pressure
levels must be ensured. Also, the integrity of reactor pressure vessels and core internals due to increased
radiation damage and corrosion must be protected. Additional requirements to be satisfied include
confirmation of accident-based safety limits for ensuring fuel integrity (increased duty conditions) and
containment integrity (higher reactor coolant system storage energy). Additionally, the impact of the
power uprate on plant life management for long-term operation also is an important issue. The enabling
technologies and scientific understanding being developed in the LWRS Program can address the
uncertainties inhibiting the potential for additional EPU applications. Development of deep science-based



knowledge in this area will be augmented by the Energy Innovation Hub for Nuclear Energy Modeling
and Simulation, which is run by the Consortium for Advanced Simulation of Light Water Reactors
(CASL). Integrating the results from CASL, plant changes and operating conditions will be evaluated by
the LWRS Program to facilitate the implementation of these new EPUs.

The ability to greatly uprate an existing nuclear power plant provides a national strategic benefit of
increasing the total available electrical power supply from carbon-free generation sources at a lower cost
per kW while the building of new nuclear plants progresses. The previous success of power uprates
makes this approach an attractive way to expand the domestic base of carbon-free electricity supplies and
further the nuclear renaissance in the United States.

2. LIGHT WATER REACTOR SUSTAINABILITY PROGRAM’S
ROLE IN ENABLING POWER UPRATES

It is in the best interest of the United States to keep the current fleet of nuclear power plants operating
at high levels and keep them in service to produce carbon free electricity as long as they can be
maintained safely. However, the nuclear power plant owners would keep them operating only if the
nuclear power plants are safe and economically viable. The LWRS Program aims at addressing the long-
term and high-risk technical issues of enabling long-term operation beyond 60 years for the current fleet
of LWRs. Its primary goals include enhancing the safety and economic performance of the current fleet.
Power uprates have significantly contributed to improving the economic viability of the current fleet. In
addition, power uprates normally require replacements and modernization of many components;
therefore, they contribute to safety improvement of a nuclear power plant. The long-term and high-risk
challenges with regards to lifetime extension also confront power uprates. Consequently, the research and
development activities planned in the Nuclear Materials Aging and Degradation, Advanced LWR Nuclear
Fuel Development, Advanced Instrumentation, Information, and Control Technology, and Risk-Informed
Safety Margin Characterization Research and Development Pathways are directly applicable to power
uprates. However certain challenges are unique to power uprates and require dedicated research and
development resources to address the obstacles.

3. CHALLENGES ASSOCIATED WITH POWER UPRATES

Power uprates involve many technical disciplines and complex technical issues. Power uprate projects
have high visibility and require detailed technical review by NRC. During power uprate application
reviews, unexpected, hidden, and emerging issues are often identified. Significant modifications to the
plant for EPUs also require approval by NRC’s Advisory Committee on Reactor Safeguards. Detailed
analyses have to be submitted for an EPU application. These analyses include (1) equipment performance
(such as pressure vessel components, piping, containment response, instrumentation, power generation
equipment, emergency core cooling system equipment) under EPU; (2) decay heat loads in containment
and fuel pool; (3) source term and impacts on accident events; (4) plant life issues such as fluence-
increased fluence effect on the pressure vessel and flow-accelerated corrosion on piping and components;
(5) plant safety analysis impacts; (6) grid impact studies, including interconnection request and studies,
and transmission upgrades; and (7) environmental impact studies, including thermal discharge impact and
water usage. Detailed work scope descriptions for an EPU can be found in the Nuclear Energy Institute’s
power uprate program development and implementation roadmap (NEI-08-10).

The following provides a list of issues identified by NRC (Mendiola 2011) and through interactions
with the industry:

1. Containment response, including the issue associated with containment accident overpressure credit
2. Steam dryer structural integrity; this resulted from the adverse flow effects at uprated conditions

3. Spent fuel pool criticality



4. Steam generator tube rupture single failure analysis
5. High-energy line break analyses

6. Fuel transition considerations, including fuel loading challenges for an EPU core plus 24-month fuel
cycles and fuel performance issues. The operating envelope (e.g., fuel and coolant temperature and
cladding oxidation) for the fuel assemblies in an EPU core may exceed current operating experience.
Crud-induced power shift remains a constraint and a safety concern. Fuel assembly distortion (rod
bow and assembly bow) will increase.

Other important effects on power uprates include reduction in time available for operator actions;
increased irradiation-assisted stress corrosion cracking of core internals; flow-accelerated corrosion;
fatigue of feedwater piping; anticipated transient without scram; local power oscillations; post-loss-of-
coolant-accident boron acid mixing and precipitation; thermal conductivity degradation; gas
accumulation; GSI-191; digital instrumentation and control; human factors; alternate source term; and
auxiliary feedwater upgrades. NRC (NRC 2010) also documented the challenges associated with power
uprates. These include containment accident overpressure and adverse flow effects (flow-induced and
acoustic-induced vibrations).

Most of these challenges are associated with the inadequacy of existing vintage analytical tools to
analyze and predict component performance and plant response. The research and development activities
laid out in this document will concentrate on developing and validating new design and safety analysis
tools.

4. POWER UPRATE RESEARCH AND DEVELOPMENT DRIVERS

With an aging LWR fleet, plant modifications and modernization will become essential for gaining
safety margins by enhancing the plant power-limiting equipment capability. More reliable and accurate
reactor safety analyses are required to demonstrate margin recovery to accommodate power uprates. To
do so, some key phenomena will have to be better understood and modeled, such as containment
response; critical heat flux (CHF) considering water chemistry; flow-induced vibration and acoustic
coupling to system response; and spent fuel pool criticality and coolability. Based on extensive
interactions with the industry and EPRI, among all of the challenges presented in Section 3, the
containment response issue, especially the containment accident overpressure credit issue, is the obstacle
issue that had prevented a number of nuclear power plants from getting EPU applications approved.
Containment response phenomena include containment pressure and temperature response, thermal
mixing/stratification and gas transport in containment, transient structural response of containment vessels
to loads, and condensation and mixing/stratification in the BWR suppression pool. The current
containment analysis tools, based on lumped parameter models, are not adequate to address this issue.
The steam dryer integrity issue, due to adverse flow effects with uprated conditions, is second on the list,
with a large number of requests for additional information issued by NRC for BWR EPU applications.
Long-life and high-performance fuel is very important for power uprates. The experimental capability to
characterize departure from nucleate boiling (DNB) to support advanced fuel design has to be re-
established. Additionally, NRC had been questioning the standard practice on the spent fuel pool
criticality calculations before Fukushima accidents happened. Post-Fukushima, the spent fuel pool
criticality and coolability is becoming even more important.

The research and development drivers will focus on (1) developing mechanistic modeling to improve
containment response simulation, (2) developing improved methodology to address adverse flow effects,
(3) establishing experimental capabilities to better characterize DNB, and (4) addressing the spent fuel
pool criticality and coolability issue.
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Figure 1. Research and development drivers for power uprates.

5. RESEARCH AND DEVELOPMENT STRATEGY
51 Containment Response Simulation

Containment is one factor that would limit how much uprated power a nuclear power plant can
achieve. There are many considerations in containment analyses, such as peak containment pressure and
temperature, subcompartment analysis, combustible gas control, containment heat removal (spray and fan
cooler), net positive suction head of emergency core cooling system pumps, BWR suppression pool
hydrodynamic loads, and BWR drywell bypass. Power uprates would erode safety margins; it is
necessary to recover margins to accommodate an increase in power level. For example, EPUs result in a
temperature increase of the sump water in PWRs and the suppression pool water in BWRs during certain
postulated accidents or abnormal events. This could affect performance of the emergency core cooling
system pumps when taking suction from these water sources. Adequate net positive suction head is
necessary for the emergency core cooling system and containment heat removal pumps to deliver flow
rate. In some cases, utilities have included containment accident overpressure in their safety analyses to
demonstrate acceptable performance of the emergency core cooling system pumps. However, this practice
had been questioned by the Advisory Committee on Reactor Safeguards. More mechanistic containment
thermal hydraulic codes would better simulate the temperature behavior in the containments and eliminate
the need to take containment accident overpressure credit.

The state-of-the-art methodology containment analysis codes only have empirical models to simulate
some of the very important phenomena in containment (such as thermal mixing and thermal
stratification). Other phenomena include forced-flow condensation, entrainment, water aerosols, droplet
break flow, and droplet drop-out from atmosphere. The empirical models would not simulate long-lasting
events (e.g., the Fukushima accident) very well. Figure 2 illustrates some of the high-level phenomena in
containment. This subtask will focus on the areas highlighted in yellow. The focus areas are containment
thermal hydraulics and gas (hydrogen) transport to address deficiencies in the current models.
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Figure 2. Illustration of containment phenomena.

For both current operating LWRs with active safety features and advanced LWRs with passive safety
features, post-loss-of-coolant-accident gas transport between containment compartments and hydrogen
distribution have been identified as high-ranking phenomena by several international expert groups
because they mostly affect the risk of containment failure (Auban et al. 2007). The 2011 Fukushima
accident highlighted the importance of having a better understanding of hydrogen distribution in
containment. Mixing, stratification, and gas transport phenomena are very important for reactor systems’
safety with large enclosures such as containments. These include post-loss-of-coolant-accident gas
transport between containment compartments and hydrogen distribution in operating LWRs, as well as
suppression pool and isolation condenser pool steam condensation and mixing in existing BWRs. It is
very important to accurately predict fluid temperature, density, and concentration distributions for both
design optimization and safety analysis of the containment. However, individual transport mechanisms
governing mixing in containments are characterized by time and length scales that can differ by orders of
magnitude. The large volumes and the complexity of the interactions of different flow and thermal
structures make analysis a daunting task. The accompanying large analysis uncertainty often casts doubts
about the claimed large safety improvement by Gen-III+ passively safe LWRs over the operating Gen-II
actively safe LWRs. Because of these reasons, large-scale experimental projects (like programs
performed at PANDA [PSI, Switzerland]) have been continuously investigating these phenomena over
the past two decades (Paladino et al. 2011). The Organization for Economic Cooperation and
Development-sponsored SETH project investigates mixing and distribution of steam/air/helium at a large
scale in multi-dimensional, multi-compartment geometry in order to resolve some safety-related issues in
containment thermal-hydraulics. The SETH project was launched in 2001 with 15 participating countries
and is still ongoing. The United States has fallen behind Europe because of the little investment in
containment safety study over the past decade.

Even though the nuclear power industry in the United States has achieved remarkable safety
performance in the last 30 years (post Three-Mile Island), there had been quite a few safety near misses.
For example, in March 2002, it was discovered that boron acid corrosion on the reactor head almost
caused a loss-of-coolant accident at the Davis-Besse plant. Therefore, even though the loss-of-coolant
accident and subsequent potential containment failure have low probability, they cannot be ignored.
Continuous research should be invested to gain insights into these less understood post-loss-of-coolant-
accident phenomena. The 2011 Fukushima accident further highlighted the importance of research and
development to better understand containment response under accident conditions.



In BWRs, the long-term, post-accident containment pressure is determined by the combination of
noncondensable gas pressure and steam pressure in the wet well gas space. The suppression pool surface
temperature, which determines the vapor partial pressure, is very important to the overall containment
performance. Therefore, thermal stratification of the suppression pool due to blowdown is of primary
importance (Gamble et al. 2001). The majority of the Gen-II LWRs that share similar active engineered
safety features as those used by the Fukushima reactors will continue to operate for a very long time. To
support safe and economical long-term operation of existing LWRs, advanced modeling and simulation
tools should provide prediction capability and help find potential mitigation measures to further improve
nuclear power plant safety. As one of the important components in containment thermal hydraulics study,
high fidelity and efficient thermal mixing and stratification models are indispensable for nuclear power
plant system safety analyses. The containment design used conservative assumptions regarding mixing
and condensation. Improved thermal mixing modeling capability would increase confidence on the
containment response and allow further power uprate to improve economics.

Gen-III+ LWRs (e.g., ESBWR and AP-1000) rely on passive safety-grade containment systems to
reduce cost and improve safety. As a result, certain phenomena (e.g., thermal mixing and stratification in
large enclosures) have become important. Moreover, stronger coupling between the primary systems and
containment-in-accident conditions requires integrated simulation of both systems (Oriolo and Paci 1996).
AP-1000’s design uses a passive containment cooling system to remove decay heat. Mass transfer is the
dominant means of containment heat removal on both inner and outer steel shell surfaces (Woodcock et
al. 2001). As shown in Figure 3 (on the inside), condensation on the containment shell dominates heat
removal and is strongly influenced by distribution of steam and noncondensible gases. During the post-
blowdown phase of a loss-of-coolant accident transient, mixing (due to break momentum) may be
neglected by assuming momentum to be dissipated within the break compartment, conservatively
minimizing source momentum-induced mixing. One or more buoyant plumes will rise from openings in
the operating deck, and a wall boundary layer, induced by heat and mass transfer to the containment shell,
will flow downward. Both the plume and wall layer entrain bulk mixture, acting to circulate the bulk
mixture. The fluid dynamics leads to a time-averaged vertical gradient of steam concentration. The
containment design used several highly conservative assumptions regarding mixing and condensation.
Improved thermal mixing modeling capability would increase the confidence on the passive containment
performance and allow further power uprate to improve economics.
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Figure 3. Conceptual models for AP-1000 containment mixing (Woodcock et al. 2001).



In terms of modeling and simulation efforts in containment mixing, two opposite trends are observed.
One is along the traditional system analysis by using decoupled, highly simplified, and conservative
zero-dimensional models to study mixing in large enclosures. Another route is to try expensive and
inefficient three-dimensional computational fluid dynamics (CFD) simulation. Current major system
analysis or severe accident analysis codes (e.g., RELAPS, TRAC, or MELCOR) either have no models or
only have zero-dimensional models for thermal stratification in large enclosures. The lack of general
thermal mixing and stratification models in those codes severely limit their application and accuracy for
safety analysis. While CFD methods can be used to analyze simple configurations, these methods require
very fine grid resolution to resolve thin substructures (e.g., jets and wall boundaries); however, fine grid
resolution is difficult or impossible to provide for studying the reactor response to transients due to
prohibitive computational expenses. In the framework of the fifth Euratom Framework Programmes
project ECORA (i.e., Evaluation of Fluid Dynamic Methods for Reactor Safety Analysis), CFD
capabilities for simulating flows in containment of nuclear reactors was evaluated (Andreani et al. 2008).
The assessment included a first attempt to use best practice guidelines for analysis of long, large-scale,
transient problems. Because of the large computational expenses of the analysis, it was concluded that
application of the best practice guidelines to full containment analysis is out of reach with the currently
available computer power. Without fully following best practice guidelines, the CFD simulation
uncertainty cannot be quantified.

Considering the limitations of inadequate zero-dimensional models and inefficient three-dimensional
CFD methods, new high fidelity and efficient thermal mixing and stratification methods are needed to
improve analysis accuracy and reduce modeling uncertainty, especially for system analysis. The middle
path actually has existed and already advanced to a point that could be harvested with modest efforts,
based on more than a decade of research in the thermal mixing and stratification field at the University of
California Berkeley. Simplified governing equations for stably stratified large enclosures are derived in
Peterson’s (1994) original paper by applying Zuber’s (1991) two-tiered scaling methodology. Based on
this method, one-dimensional information can be obtained. The primary objective of this subtask is to
develop and implement highly efficient and high-fidelity, one-dimensional, thermal mixing and
stratification models for LWR containment transport phenomena.

Previous scaling has shown that stratified mixing processes in large stably stratified enclosures can be
described using one-dimensional, partial, differential equations, with vertical transport by free and wall
jets modeled using standard integral techniques, which can have different directions than the vertical
direction. This allows very large reductions in computational effort compared to three-dimensional
numerical modeling of turbulent mixing in large enclosures. The Berkeley mechanistic MIXing code in
the C++ (BMIX++) code was originally developed at the University of California Berkeley to implement
such ideas. The code uses a Lagrangian approach to solve one-dimensional transient governing equations
for the ambient fluid and uses analytical or one-dimensional integral models to compute substructures.
The BMIX++ code has been successfully validated against multiple benchmark problems. Various
problems with different combinations can be solved by the BMIX++ code (e.g., multi-component fluid,
variable enclosure cross-section area in vertical direction, multi-enclosures, and multiple jets, plumes, and
sinks in one enclosure). When steam-water jet and condensation models are available, the code can be
applied for containment analysis.

To explain why the one-dimensional method can provide enough information to describe mixing and
heat transfer in stratified large volumes, we start with the simplest case. Figure 3 shows the classical
“filling box” problem, which demonstrates the major phenomena in stratified mixings (Baines and Turner
1969). The heating source gives rise to a thermal plume that rises and spreads over the top of the
enclosure, resulting in a stably stratified layer that increases downwardly with time. The region below the
upper stratified layer continues to be at the initial temperature in the enclosure before the onset of flow.
The temperature in the upper heated layer decreases downward from the ceiling to the interface between



the upper and lower regions. The flow pattern, the side entrainment into the plume, and the downward
motion of the heated upper layer are shown in Figure 4.
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Figure 4. Sketch of a stratified environment development due to a heat source, showing motions in the
plume and environment.

Buoyancy-caused plumes, momentum jets, buoyancy jets, and natural convection boundary layer
flows (free wall jets) also are common mixing forces that cause stratification. Large enclosures mixed by
buoyant plumes and wall jets can normally be expected to stratify. Furthermore, the transition between
well-mixed and stratified conditions can be predicted (Peterson 1994). For example, for an injected jet
case, the ambient fluid is stably stratified when
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where Hy/is the height of enclosure, dj;, the diameter of the jet source, ¢, =0.05 Taylor’s jet entrainment
constant, and the jet Richardson number (Ri) is given by
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where p, is the ambient fluid density, p, the source fluid density, g the gravity constant, and U, the jet
source speed.

Peterson’s (1994) scaling analysis has shown that ambient fluid between jets tends to organize into
either a homogeneously mixed condition or a vertically stratified condition that can be described by a
one-dimensional temperature and concentration distribution. Therefore, we can describe stratified mixing
processes in large, complex enclosures using one-dimensional differential equations, with transport in free
and wall jets modeled using integral models. The detailed geometry of the enclosure becomes
unimportant and only the horizontal cross-sectional area and perimeter must be specified as a function of
elevation. This allows very large reductions in computational effort compared to three-dimensional
numerical modeling of turbulent mixing in large enclosures. Large enclosures mixed by buoyant plumes



and wall jets can normally be expected to stratify. For the stratified enclosure, the governing equations for
ambient fluid can be derived and written in the following compact form:
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where A(z) is the horizontal cross-sectional area of the volume at elevation z, and G, F, and S are the
vectors of conserved quantities, fluxes, and source terms, respectively
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where p is the mixture density, h enthalpy, y mass fraction, Q volume flow rate, P pressure, k thermal
conductivity, T temperature, D mass diffusion coefficient, Q' jet volumetric entrainment rate per unit

length, n the total number of jets, S’ and S’ volumetric source and sink per unit length, S; and S .

volumetric energy source and sink per unit length, and ns and sf are subscripts denoting the number of
species and stratified ambient fluid, respectively.

The BMIX++ code, which was originally developed at the University of California Berkeley
(Christensen and Peterson 2001, Zhao 2003, Niu et al. 2007, and Zhao and Peterson 2011), solves mixing
and heat transfer problems in stably stratified enclosures. The code uses a Lagrangian approach to solve
one-dimensional transient governing equations for ambient fluid and uses analytical or one-dimensional
integral models to compute substructures. The numerical methods traditionally used to solve the
conservation equations have great difficulty in preserving strong gradients in hyperbolically dominated
flows. The traditional first order discretization procedures inherently introduce artificial diffusion terms.
Typically, these extra diffusion terms put severe limitations on the maximum size of the computational
control volume for the computed solution to be reasonably accurate. Therefore, the BMIX++ code uses
the Lagrangian approach (Christensen and Peterson 2001) as an alternative to the traditional numerical
methods to do the following:

¢ Eliminate “false diffusion” from the discretized equations

¢ Give physically acceptable solutions, even for coarse computational grids

¢ [ave favorable stability requirements (i.e., a very lax stability requirement)
¢ Require low computational cost.

The Lagrangian formulation tracks the position of constant mass fluid “layers.” In practice, the
enclosure is divided into a user-specified number of horizontal control volumes. The conservation
equations, without the diffusion terms, are used to calculate the new positions, compositions, and
enthalpies of the control volumes for each time step. Next, composition and energy are corrected
according to the diffusion terms in the conservation equations. This first order scheme algorithm could be
improved to reach second order accuracy with advanced algorithms such as the Jacobian Free Newton
Krylov method (Knoll and Keys 2004, Mousseau 2005).
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A jet should be understood as a generic concept of any steady continuous flow structure in an ambient
volume with a dominant flow direction and a length scale much less than the ambient volume’s scale. For
example, a plume (due to a heat source), a pure jet (due to an initial momentum source), a buoyant jet
(due to both buoyancy and momentum), a ceiling jet (a jet below the ceiling due to a jet impingement), a
wall jet along a wall surface, a wall jet (due to a normal jet injection), and a wall boundary flow are all
taken as jets. All of these different jets have a common character: the jet entrains fluid from the ambient
volume and finally discharges into the ambient volume. Figure 5 shows several typical jets. The BMIX++
code includes a jet model library, including several free jet models for plumes and buoyant jets, a buoyant
wall jet model, a ceiling jet model, and two line jet models. A fourth order Runge-Kutta-Fehlberg method,
which has the advantage of automatically adjusting the step length to meet any given error tolerance, is
selected to solve differential equations for jet models.

The BMIX++ code has been validated successfully against multiple benchmark problems
(e.g., stratification in a water tank due to a heater inside, water tank exchange flow experiment simulation,
stratification produced by multiple plumes, and the University of California at Berkley’s large
containment mixing experiment, which is composed of a rectangular enclosure with an isothermal cooling
wall and a hot air jet injecting [Zhao 2003]). The following presents application of the BMIX++ code to
mixing experiments performed by Wong and Griffiths (1999), where two buoyancy sources produced
well-separated, turbulent plumes. Figure 6 gives a schematic diagram of the general two-plume situation.
One interesting phenomenon is that the source with the larger buoyancy flux produces a plume that
descends to the bottom, while the source having a smaller buoyancy flux produces a plume that spreads at
an intermediate depth. They also presented a numerical solution for the mixing process by extending
Baines and Turner’s (1969) method for a filling box to calculate the mixing process with multiple plumes.
Their solution includes one set of a partial differential equation for the ambient and n sets of a partial
differential equation for each plume based on Morton’s (1959). They used a finite-difference scheme to
solve the equations. Given an ambient density profile, each of the n sets of plume equations was solved
separately using a fourth-order, Runge-Kutta method. Then the ambient density profile was solved
according to the solutions for plumes and the ambient governing equations.
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Figure 5. Typical jet types: (a) pure plume; (b) pure jet; (c) buoyant jet; (d) ceiling jet; (¢) wall jet due to
impinged jet; and (f) free wall jet due to wall boundary flow.
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Figure 6. Schematic diagram of the two-plume filling box, where F is the buoyancy flux (courtesy of
Wong and Griffiths 1999).

The new profile was used to calculate plume properties and cycle repeats. Wong and Griffiths’
method is quite similar to the methods of the BMIX++ code, except that the BMIX++ code uses much
more general ideas to calculate the mixing processes (i.e., entrainment and discharge and two-tiered
scaling) and uses the Lagrangian method instead of traditional finite-difference method to solve ambient
equations. We can say that Wong and Griffiths” method is a special example of the methods used by the
BMIX++ code. Therefore, comparison with the experiments and Wong and Griffiths’ predictions
provides an interesting validation case for the BMIX++ code. The result by the BMIX++ simulation was
compared with the experimental data and the prediction by Wong and Griffiths. Figure 7 shows several
nondimensional environmental density profiles at different time instances. The predictions by the
BMIX++ code and by Wong and Griffiths are very close and agree very well with the experiment,
especially for the long-term profiles. It seems that the BMIX++ code gave a little better prediction for the
long-term profile than Wong and Griffiths’ model. For the short term, both numerical models predicted
unreal sharp density variation near discharge levels due to imperfect discharge models.
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Figure 7. The environment buoyancy profiles fe for @ = 0.1, { is the non-dimensional depth and ® the
ratio of the flux of the weak source to the total buoyancy flux.
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The BMIX++ code was recently extended to simulate a BWR suppression pool experiment
(POOLEX experiment) conducted in Finland. Figure 8§ shows the POOLEX facility setup (Laine and
Puustinen 2006). Figure 9 shows the simulated results versus experimental data. BMIX++ simulation
results agreed with the experimental data very well. In addition, BMIX++ simulation is 1,000 times faster
than CFD simulations. The suppression pool temperature distribution strongly affects the available net
positive suction head

_ Pnoncondensable+Pv(Tsurface)_Pv(Tsuction)
NPSHa = " + Hpoo1—Hpymp—Hioss - (5)

If one uses the temperature distribution in the simulated POOLEX experiment as an example, a
35°C-temperature difference between the pool surface temperature and the emergency core cooling
system pump suction would translate into about 2.8 m or 30% of net positive suction head required. This
effect had not been analyzed in the existing net positive suction head sensitivity analysis, though this
effect is far larger than any single effect considered (NRC 2011a).

The POOLEX experiment simulation demonstrates the ability of the BMIX++ code to simulate
complex thermal stratification and mixing problems. However, it also shows the need to couple the
BMIX++ code with a system analysis code in order to fully utilize this high-efficiency and high-fidelity
code. After all, the dynamic changes on the jet sources can only be efficiently calculated by a system
code. Similar extension and coupling of the BMIX++ code with a system analysis code is possible for
LWR applications, although a multi-year effort is needed because of the complex multi-phase mixing and
heat transfer phenomena in LWR containments and the work to couple two codes together. The BMIX++
was written in C++ programming language and developed with fully object-oriented programming
techniques, which makes the code highly flexible to evolve with time.
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Figure 8. POOLEX facility setup.
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Figure 9. BMIX++ simulated results.

Unlike computationally expensive CFD-based methods, the proposed, one-dimensional, stratification
models result in much improved accuracy over zero-dimensional methods, with much less effort than
CFD methods. The one-dimensional thermal stratification models are actually one of the successfully
implemented examples of the coarse-grain-based models, which use CFD methods but do not resolve
boundary layers. The scaling-based method is generic and can be extended into complex mixing scenarios
in a stably stratified volume. Therefore, these one-dimensional models can become a component in a
large system analysis code (e.g., RELAP) with relative moderate development efforts. The project risk
can be minimized by taking advantage of over a decade of research in the thermal mixing and
stratification field at the University of California Berkeley, world-class expertise on advanced numerical
methods and simulation at INL, and a large amount of a new separate and integral-effects test database.
Because thermal stratification modeling also is very important for reactor safety analysis in Gen IV
reactors, success of the LWR containment applications can be extended into these fields.

The proposed development efforts will be aimed at four major goals: (1) extend the BMIX++ code’s
capability for LWR containment applications by including specific jet models with phase change;
(2) adapt the BMIX++ code models to become components in a system analysis code such as RELAPS or
R7; (3) use the tools to investigate complex mixing phenomena in LWR containments; and (4) use
advanced numerical methods currently being developed for R7 to improve numerical simulation accuracy
and stability. Additional work includes investigating transition models between a well mixed situation
and a stably thermal stratified situation (e.g., a recirculation speed model [Niu et al. 2007] or coarse-grid,
three-dimensional models).

5.2 Adverse Flow Effects

To increase the power output of a reactor, typically, more highly enriched uranium fuel or more fresh
fuel is used. This increases the reactor power density and, consequently, enables the reactor to produce
more thermal energy and more steam, driving a turbine generator to produce more electricity. In BWRs,
the increased core power is achieved by increasing the core feed water flows and steam flows. The
degrees of recirculation can be retained with larger steam voids in the cores or the steam volume fractions
can be held constant by increasing the re-circulation flows. In PWRs, the increased power outputs call for
an increase either in the core coolant flows or in the mean coolant temperature rise across the cores. In
order to accomplish this, components (e.g., core internals, pipes, valves, reactor coolant pumps, heat
exchangers, electrical transformers, and generators) must be able to accommodate the conditions that
would exist at the higher power level. In some instances, large power uprates have resulted in accelerated
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equipment degradation due to increased thermal fluid flows and energy levels. The steam flows from
BWR pressure vessels or PWR steam generators will increase, resulting in increased pressure drops and
greater dynamic loadings on some components and systems (e.g., increased flow-induced vibrations in the
core internals and steam generators). The effects are mostly non-linear. Other issues include
flow-accelerated corrosion on piping and valves. Flow-accelerated corrosion is caused by an increase in
turbulence excitation forces (i.e., vortex shedding). These phenomena are called “adverse flow effects”
and are challenges associated with EPUs (NRC 2010). In some cases, there were latent effects that took a
long time to be detected after completion of an uprate project.

Equipment degradation is caused by high-cycle fatigue through resonance, acoustics, and pressure
fluctuations. Most significant problems occurred at Dresden Units 2 and 3 and Quad Cities Units 1 and 2,
which experienced failures of steam dryers and electromatic relief valves during EPU operations. Plant
experience has shown that as the higher velocity main steamline flow passes over branch lines, it can
create an acoustic resonance in the steamlines that can vary greatly from one plant to another, depending
on routing of the main steamlines and the steam dryer vintage and geometry. The acoustic resonance can
create pressure waves that strike the steam dryer with significant force in BWRs. This force could cause
stress in the steam dryer to exceed the material fatigue limits, which may result in steam dryer cracking.
The acoustic resonance also can cause excessive vibration that may damage steamline and feedwater line
components, such as relief valves and piping. To address this issue, BWR applicants for EPUs have
provided complex steam dryer analyses to demonstrate the structural integrity of the steam dryers at
uprated power levels. However, it has been challenging for plant owners (i.e., licensees) to provide
acceptable steam dryer analyses due to large uncertainties with existing analysis tools. This has
significantly contributed to the delays in EPU reviews for several BWR plants. Reasons for these delays
typically include licensees introducing new refinements to analytical methods not used in previous EPU
applications, NRC identifying new issues with licensees’ acoustic circuit models, licensees needing to
make steam dryer modifications to address analysis issues, and a lack of adequate plant measurement data
needed for steam dryer analyses (NRC 2010). In addition, other BWR core internal components
(e.g., feedwater sparger, jet pump, core spray sparger, core spray piping, fuel assembly, shroud head
guide rods, and instrument nozzles) also are subject to flow-induced vibration and acoustic vibration,
Main steam line, associated components (e.g., main steam isolation valve, power-operated relief valves,
high-pressure coolant injection, and reactor core isolation cooling isolation valves), and attached piping
also may be susceptible to flow-induced vibration due to EPU. Increased recirculation pump vane passing
frequency on the BWR jet pump sensing lines and jet pump riser brace also induces pressure pulsations.

Flow-induced vibration on steam separators/dryers inside PWR steam generator and
primary/secondary heat exchanger tubes (e.g., u-bend tubes) also is a concern for power uprates.
European PWRs have experienced steam generator divider plate cracking. There also are concerns on
acoustic resonance generation during power ascension and dynamic pressure loads on components inside
steam generators. Power uprates increase the potential for fretting failures of PWR fuels. Clad failure is
caused by flow vibration-induced, rod-spring interactions amplified by irradiation-induced grid spacer
growth, and spring relaxation.

Fluid-induced and acoustic vibrations, as well as erosion-enhanced corrosion, is one area that needs
fundamental understanding and detailed modeling work assisted with experiments necessary to develop
mitigation strategies.

Flow evaluation of three-dimensional thermal fluids and structure interaction methods need to be
developed to model the consequences of changes associated with power uprating (e.g., increased core
flow and increased feedwater flow). A very important emphasis will be on verification, validation, and
uncertainty quantification of the models. Acoustic analysis and experiments are needed to evaluate dryer
acoustics and flow-induced vibration to fully uncover the mechanism behind incidents of dryer failure and
to develop a method for predicting the consequences of power uprating.
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Other improvements include advanced component designs such as steam dryers and separators that
can handle the uprated power output. For instance, a low-pressure-loss separator able to provide both
adequate steamwater separation performance and lower pressure losses even when power uprating
increases the steam flow rate.

To develop the necessary analytical tools, interaction with CASL, which is the DOE Energy
Innovation Hub for Modeling and Simulation, is critical. CASL applies existing modeling and simulation
capabilities and develops advanced capabilities to create a usable virtual reactor environment for
predictive simulation of LWRs. This environment (known as the Virtual Environment for Reactor
Analysis) incorporates science-based models, state-of-the-art numerical methods, modern computational
science and engineering practices, uncertainty quantification, and application to existing operating PWRs.
The specific applications driving Virtual Environment for Reactor Analysis development are targeted
challenge problems that are focused on enabling power uprates and lifetime extension, both plant and
fuel, as well as providing a significant improvement in the predictive modeling and simulation capability
supporting nuclear energy development. To deliver on its mission within the prescribed time and budget
constraints, CASL has elected to focus on solving challenges that originate within the nuclear reactor
pressure vessel (i.e., the components that form the heart of a nuclear power plant). Much of CASL’s
Virtual Environment for Reactor Analysis being developed will provide the foundations for later
application to other nuclear power plant types, in particular BWRs. The current focus of CASL is to use
its multi-scale, multi-physics capability (i.e., Virtual Environment for Reactor Analysis) to
simultaneously couple and solve the neutronics, thermal-hydraulics, fuel thermo-mechanical, structural,
materials, and chemistry behavior inside the core of PWRs. Such a capability is envisioned to help
quantify design margins and reduce the level of conservatism that must be applied to account for the
shortcomings of current design and analysis approaches. One of the challenge problems CASL addresses
is the spacer grid to fuel rod fretting failure, which is caused by fluid-induced vibration of spacer grids
and interaction with fuel rod cladding. The advanced simulation tools developed by CASL are applicable
to address adverse effects.

5.3 Departure from Nucleate Boiling Characterization

One of the thermal design limits for PWRs is related to the critical heat flux to prevent the occurrence
of DNB, which leads to an abrupt and dramatic degradation in heat transfer from fuel cladding to the
coolant. Currently, three major methods exist for predicting the CHF values (i.e., empirical correlations,
table look-up technique, and theoretical models [mainly phenomenological models together with a
subchannel analysis]). The empirical correlation approach has been widely adopted in practical
applications, mainly because the correlations developed by vendors seem to predict the CHF values for
their fuel designs more accurately than other methods. Figure 10 shows a lower power than the DNB
CHEF value set as the limiting condition for operation in a power plant to account for uncertainties arising
from the CHF correlations, operational transient, instrumentations, and engineering (Shuffler et al. 2006).

Reactor vendors have separately developed and tested CHF correlations for their own representative
fuel designs, including rod bundle geometries and spacer grids with specified applicable conditions. For
instance, the W-3 correlation (Tong et al. 1966, Tong 1967, and Ahn and Jeun 2001) was proposed for a
Westinghouse fuel design and the CE-1 correlation (Lawrence et al. 1977) was used to estimate the CHF
limit for combustion engineering fuel bundles. Some available CHF models were reviewed by Tong and
Tang (1997) in detail, and model predictions were compared with results from RELAPS code by Ferrouk
et al. (2008). With the increase of reactor thermal power, the average heat flux from fuel rods is usually
increased, which leads to a reduced safety margin as far as the CHF limit is concerned. For example, in
the power uprate application for the Ginna nuclear power plant, the approved thermal power uprate is
16.8% (NRC 2006). The fuel rod’s outer diameter was increased from 0.4 to 0.422 in. and the active fuel
length was changed from 141.4 to 143.25 in. These changes result in an average increase of the heat flux
from the fuel rod by about 4%. On the other hand, the total coolant flow rate through the core was not
considerably changed (from 60.4x10° to 60.6x10° Ib/hour at one core outlet temperature condition). The
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increase of the fuel rod outer diameter reduces the coolant flow area, which leads to an increased mass
flux and, in turn, may help meet the DNB design limit. However, different nuclear power plants may
adopt different approaches in modifying the existing reactor design and operation parameters for a power
uprate. In addition, utilities in the future may consider a larger power uprate than 15 to 20%. All of these
certainly warrantee a more accurate quantification of CHF values at various conditions during both
normal and off-normal operations. In the following subsections, some potential issues on the established
DNB correlations are discussed.
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Figure 10. Thermal margins for MDNBR (Shuffler et al. 2006).

5.3.1 Changes of Operating Conditions Due to Extended Power Uprates

EPU usually will change some key thermal hydraulic parameters of a nuclear power reactor
(e.g., either an increase in the coolant mass flow rate, an increase of the enthalpy rise [or temperature rise]
of the coolant through the core, or a combination of these two). Therefore, it raises the question of
whether the currently employed CHF correlations are still applicable to the modified operating conditions.

From the NRC reports, most operating PWRs mainly increase the enthalpy/temperature rise of the
coolant through the core for their EPU implementations. The changes in enthalpy/temperature rise are
relatively small, yielding a situation where current CHF correlations are still applicable to these new
conditions at higher power levels. However, it is highly possible that future, more-significant EPUs may
result in a considerable increase in the coolant mass flow rate, which may challenge the applicability of
the available DNB correlations. As shown in Figure 11 (Han et al. 2006), some correlations become
unreliable when the mass flux is larger. Here, R is defined as

"
Qpredicted
R= "
Qmemured (6)

where ¢! and ¢

p— " e € the predicted and measured CHF values, respectively, with the
conventional PWR rod bundles of Electric Power Research Institute in either a 5x5 or 4x4 array. The W-
3 correlation underestimates the CHF value by at least 10% when the mass flux is more than 4,000 kg/m’-
s (2.95x10° Ib/ft*-hour). In view of this, it becomes essential to carry out additional studies on the DNB

correlations at higher mass flux conditions.
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Figure 11. Critical heat flux predictions at a pressure of 14.5 MPa (Han et al. 2006).

5.3.2 Mixed Types of Fuels During Power Uprates

In Ginna’s application for power uprate, the original Westinghouse optimized fuel assembly was
replaced with the Westinghouse 14x14 Vantage+ (422V+) fuels (NRC 2006). A similar approach to
power uprate may be adopted by other nuclear power plants in the future. If old fuels are partially
replaced by a new type of fuels in one refueling process (one-third of the fuel is replaced in a typical
refueling process for a PWR), mixed types of fuels may exist in the core for the subsequent cycles. The
difference in fuel design parameters would potentially alter the radial power shape and coolant flow
distributions, which affect the DNB values. Cross flows introduced by flow redistributions also should be
taken into account in modeling and predicting DNB-type CHF.

5.3.3 Effects of Spacer Grids

The presence of spacer girds with/without mixing vanes generally improves CHF performance. It was
discussed by Ahu and Jeun (2001) that two mechanisms contributed to enhanced CHF and were treated
separately in the subchannel analysis. The first mechanism was promotion of mixing of flows by
increasing flow resistance and was taken into account in the modeling by applying a mixing coefficient.
Generation of additional flow vortices decreased the thickness of the bubble layer on the rod wall, which
was considered as the second mechanism and treated empirically. Ahu and Jeun (2001) further proposed a
function of three parameters to account for the effect of spacer grids: distance between two neighboring
grids, distance from the last upstream grid to the CHF location, and equivalent hydraulic diameter. Their
model demonstrated appreciably good agreement.

Attention is brought to the case where generation of secondary flow vortices plays a major role.
Under this circumstance, downstream turbulence of a certain spacer grid and its interactions with bubbles
(that can result in coalescence and disintegration of bubbles) and effects on the liquid velocity distribution
close to the rod wall can be analyzed for better understanding of the DNB phenomenon. The vortex
shedding also might introduce additional flow instability, which reduced CHF values by 40%, as
observed by Ruddick (1953). The effects of the spacer grids on DNB should be accounted for based on
the grid design and the local coolant flow behaviors.

Furthermore, it is of importance to investigate and optimize the design parameters of spacer grids
(such as type and grid spacing) to enhance DNB limits. A recent discussion related to this work can be
found in the paper by Chang et al. (20006).
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5.34 Fuel Rod Vibrations

Fuel rods experience vibrations, mainly due to coolant flow. The natural frequency of the vibrations
highly depends on the fuel rod’s physical properties. Kim and Kim (2005) developed an equation to
calculate the natural frequencies of the fuel rods and validated it with various boundary conditions.
Vibrations may promote bubble coalescence or breakup, modify the frequencies of bubble departure and
liquid rewetting, and influence turbulent mixing.

The impact of mechanical vibrations on the heat transfer performance was investigated
experimentally by Lee et al. (2004). They found out that vibrations of a vertical round tube increased the
DNB value by as much as 10 (Figure 12). Here, the so-called vibrational Reynolds number (Re,) is
defined as

awD
Re, =—— (7
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where a, w, D, and v denote the sinusoidal displacement of vibration amplitude, vibration frequency,
tube inner diameter, and kinematic viscosity of fluid, respectively.
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Figure 12. Critical heat flux enhancement ratio versus the vibrational Reynolds number at a departure
from nucleate boiling condition.

However, this CHF enhancement mechanism is missing in the existing CHF correlations. It is
possible to propose a correction factor to account for this CHF enhancement mechanism due to fuel rod
vibrations. This factor would be related to the bubble departure diameter and frequency, natural frequency
of the fuel rod, and vibrational Reynolds number. It also is noteworthy to mention that the fundamental
frequency of the fuel rods may change due to the rod temperature change, which is generally expected to
occur in the plants after power uprate.

5.3.5 Determination of Inception of Local Boiling

In the W-3 or other correlations that employ the F-Factor first proposed by Tong et al. (1966), the
subcooled boiling length, defined as the distance between the inception of the local boiling and the DNB
location, is required. However, the location where the local boiling starts to occur was simply considered
as the channel entrance (Tong and Tang 1997). Inaccurate subcooled boiling length values result in
uncertainties in the evaluation of the F-Factor and further the CHF value for fuel bundles. A systematic
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study should be performed to determine the onset of local boiling, which may be related to boiling surface
properties, subcooling at the inlet, heat flux, and mass flux if the W-3 correlation is to be adopted. As
boiling phenomena are controlled by the interfaces at small scales, a micro-scale (or even nano-scale)
analysis, focusing on the physical mechanisms of boiling and evaporation of liquid layers on a heating
surface, may be conducted.

5.3.6 Fuel Bowing

The effects of fuel bowing are usually included in the DNBR calculation. For instance, ANO-2
considers bowing penalties as a function of assembly burnup through the methodology described in
“Revised Rod Bow Penalties for Arkansas Nuclear One — Unit 2.” Xiao et al. (2004) investigated the
importance of fuel bowing to CHF for a PWR. They argued that the effect of fuel bowing was particularly
significant when the local quality was low (Figure 13).
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Figure 13. Critical heat flux ratio versus local quality.

5.3.7 Axial Power Offset

The CHF correlation developed by Weisman and Ying (1985) considers the axial power offset.
However, this correlation is applicable to the rod bundles with simple spacer grids. Later, Hwang et al.
(2001) proposed a correction-factor model for non-uniform axial heat flux and validated it with data from
a rectangular channel, channel tubes, and rod bundles.

5.3.8 Surface Characteristics

Heating surface provides the active nucleation sites. The surface characteristics are closely related to
the bubble departure frequency and size and nucleation site density. As fuel rods age with increased
radiation fluence, their surface characteristics will change. In addition, the crud formed and deposited on
fuel rod clad surfaces (and boron precipitation) will considerably affect the DNB characteristics and need
to be taken into account. However, most existing DNB-type CHF correlations were developed with
off-pile experiments (the radiation and crud effects were not involved in these experiments).
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5.3.9 Water Chemistry

Previous CHF-related experiments mainly focused on deionized water as the coolant. Some earlier
experiments have shown that additives to coolant, in particular surfactants, could have a strong impact on
bubble nucleation, growth, and heat transfer on the heated wall surface. It becomes desirable and even
essential for power uprate applications to examine the DNB-type CHF under realistic PWR conditions,
where boric acid and lithium hydroxide are added into the coolant for reactivity control. For EPU PWRs,
the initial boric acid concentration may be higher than a typical PWR.

5.3.10 Future Research Needs on Departure from Nucleate Boiling-Type Critical
Heat Flux

EPUs (i.e., 20% or above) are believed to considerably reduce the safety margin of PWRs for the rod
surface heat flux design limit. In addition, regulatory practice in the United States has moved from low
fidelity analysis tools that relied heavily on empirical tuning and conservative modeling toward the use of
best estimate analysis with uncertainties. These require us to be able to more accurately model and predict
the DNB values for realistic PWR conditions, both normal and off-normal, with uncertainties carefully
identified. It becomes essential to revisit the DNB-type CHF issue by conducting more realistic
experiments followed by physics-based mechanistic modeling. Therefore, it is proposed that DNB-related
experiments be performed first with a focus on the following aspects in the near term:

1. Experiments with prototypic coolant chemistry using fuel bundle geometry and dimensions and a
sufficiently broad range of coolant mass flux

Effects of the spacer grid design and spacing
Effects of the rod surface characteristics with crud deposition and boron precipitation

Effects of the axial surface heat flux profile

b o 9

Effects of rod vibration due to coolant flow impact.

5.4 Spent Fuel Pool Criticality Margin and Coolability

More sophisticated fuel assembly designs are required to accommodate EPUs and increased capacity
factors. These include increased U-235 enrichment, increased fuel pellet diameter, increased fuel pellet
density, increased use of fixed and integral burnable absorbers, and increased number of fuel rods in an
assembly. All of these changes are leading to increased reactivity of discharged fuel assemblies to be
stored in the spent fuel pool. Because the dimensions of the spent fuel pool cannot be changed so that
utilities are putting more fuel assemblies into the same volume using high-density storage racks with less
spacing between fuel assemblies, the new rack designs heavily rely on permanently installed neutron
absorbers to maintain criticality requirements. Unfortunately, virtually every permanently installed
neutron absorber material (e.g., Boraflex and Carborundum) have exhibited some degradation. Some have
lost a significant portion of their neutron-absorbing capability. In some cases, the degradation is so
extensive that the permanently installed neutron absorber can no longer be credited in the criticality
analysis. Additionally, due to lack of physical measurements and poorly validated prediction models, the
level of degradation is not well characterized. These have resulted in reduced conservatism/margins to
criticality, reducing or eliminating the ability to use engineering judgment when determining that there is
reasonable assurance an inadvertent spent fuel pool criticality cannot occur. In addition, due to the lack of
benchmark data, large uncertainties associated with spent fuel pool analyses also decrease the margin to
criticality.

Increased complexity of storage configurations and more reactive spent fuel-forced utilities take
credit for items that previously were not part of a spent fuel pool criticality analysis in their license
amendment request, such as increasing amounts of soluble boron, cooling time, Pu-241 decay, Am-241
buildup, axial blankets, integral burnable poisons on fresh fuel assemblies, and increased burnup.
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The practice of criticality safety analysis involves the use of criticality data derived from experiments
and associated calculations. A typical analysis also will include calculations solving the neutron transport
equation, employing either the Monte Carlo method or deterministic methods. Both kinds of calculations
require computing the fission distribution iteratively until it is sufficiently converged. A deterministic
method is finished when the eigenvalue convergence and source convergence (spatial fission
distributions) criteria are met. A Monte Carlo method requires statistical sampling after acceptable source
convergence has occurred. Because of the limited computing power when these computer codes were
developed, the deterministic methods only have two-dimensional capabilities and can only analyze
relatively small configurations. Monte Carlo methods, on the other hand, can simulate large
configurations (such as a spent fuel pool). However, slow source convergence has restricted wide
applications of Monte Carlo methods.

The standard practice uses two-dimensional deterministic codes (such as CASMO) to perform
criticality calculation and three-dimensional Monte Carlo codes (such as KENO) to benchmark the
results. The other approach is to use KENO to model the spent fuel pool storage configurations.
Two-dimensional deterministic codes are used to perform depletion analyses to generate the isotopic
concentrations that represent the axial burnup distributions in a fuel assembly and the determination of
small reactivity increments due to manufacturing tolerances. Two-dimensional deterministic codes are
used to simulate in-reactor fuel assembly depletion to calculate the detailed fuel nuclide number densities
as a function of fuel depletion and initial feed enrichment. In general, this approach works well because
the in-core axial gradient of the neutron flux is small over most of the length of the fuel rod. Conversely,
because the axial gradient becomes significant as one approaches either end of the fuel assembly, the two-
dimensional approximation begins to break down at that point. These codes are widely used for analysis
of rack reactivity and have been benchmarked against results from numerous critical experiments.

Existing criticality computer codes suffer two drawbacks: (1) code bias and uncertainty associated
with the lack of actinides and fission products data and (2) benchmarking two-dimensional deterministic
codes with three-dimensional critical experiments may not be possible. Rather, computer codes
benchmarking relies heavily on code-to-code comparisons.

The above discussions lead to the conclusion that high fidelity deterministic codes need to be
developed. The codes will be deterministic transport codes with in-reactor fuel assembly depletion
simulation to generate detailed fuel nuclide number densities as a function of fuel depletion and initial
feed enrichment, The codes should be three-dimensional to simulate the complex fuel assembly storage
configurations and validation should be done with three-dimensional criticality experiments and with best
available actinide data and fission product data. With the codes developed and validated, the analysis
methodology will be changed from conservative approach to best estimate.

6. PROGRAM SCHEDULE

Table 1 shows the year by year task priorities and program schedule for the activities presented in this
document.

Table 1. Schedule for research and development activities for power uprates.

Activity Start Finish 2011 2012 2013 2014 2015 2016 2017 2018 2019
Containment response simulation 10/01/11  09/30/15
Adverse flow effects 10/01/14  09/30/17
DNB characterization 10/01/16  09/30/19

Spent fuel pool criticality and coolability  10/01/16  09/30/18
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